Abstract-We present detailed experimental results on a reflective fiber sensor that is capable of accurately quantifying the hydrogen concentration over a wide dynamic range that spans from 1% down to 90 ppm. The sensor consists of a "C" shaped nanoaperture etched into the facet of a palladium coated optical fiber. Hydrogen changes the intensity and phase delay of the field reflected by the aperture differently than for the surrounding film and thus it greatly affects the total reflected intensity that results from the interference of these two fields. The initial phase difference between the two regions can be tuned to increase the sensitivity by over-etching the aperture.
I. INTRODUCTION
H YDROGEN has been promoted as one possible replacement for oil-based fuels. The ease of production and the clean burning nature of the fuel make it one of the most viable clean energy solutions for portable fuel. Hydrogen is also widely used in fabrication and industrial applications such as ammonia and methanol production. However, hydrogen gas is a small molecule and is particularly prone to leaking; it is also colorless and odorless with a lower explosive limit of 4% in air [1] . Given the need for precise control during processing and early leak detection for safety, there is a demand for the development of reliable sensors, particularly those that can accurately detect low concentrations.
Both optical and electrical sensors have been developed to detect hydrogen; the majority of these sensors use a catalytic film such as palladium (Pd) or platinum [2] . These include reflection and/or transmission monitoring of thin films [3] , functionalized waveguide or laser structures where the lasing conditions are altered [4] , [5] , plasmonic structures [6] , [7] , and a variety of optical fiber sensors [8] - [10] . Optical sensors, fiber-based ones in particular, offer a number of advantages such as protection from electromagnetic interference and a lower chance of sparking ignition. While many existing sensors operate in transManuscript received May 23, 2016 ; revised September 16, 2016 ; accepted October 9, 2016 . This work was supported in part by the National Science Foundation under Grant ECCS-0901388 and was carried out in part in the Micro and Nanotechnology Laboratory and in part in the Frederick Seitz Materials Research Laboratory Central Facilities, University of Illinois.
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Digital Object Identifier 10.1109/JSTQE.2016.2617086 mission mode, they are hard to implement because a detector is usually needed at the sensor head. Reflection based fiber sensors provide a uniquely small and versatile form factor because all of the measurement equipment can be deployed remotely. For example, fiber sensors with integrated Fabry-Pérot cavities or fiber Bragg gratings (FBGs) have shown good sensitivity to changes in the refractive index of the polymer or metal layers that form the cavity [11] - [15] . Palladium based sensors operate based on the dissociation and subsequent adsorption of hydrogen by the palladium film. Upon diffusing into the metal lattice the hydrogen atoms form palladium hydride (PdH) by bonding at interstitial lattice sites. Depending on hydrogen content, the PdH can either be in the alpha phase, a mixed alpha + beta phase, or the beta phase, transitioning in this manner as hydrogen increases. The addition of hydrogen to the lattice results in an increase in the lattice constant along with a change in conductivity and optical constants [16] . The change in optical constants is due to an increase in the Fermi level and a lowering of the density of states at the Fermi level. The latter is a consequence of orbital hybridization with the hydrogen atoms and the former from electrons donated to the lattice filling states in the Pd 4d band. This results in a decrease in the reflection [16] - [18] . In the presence of the beta phase, which occurs at approximately 1.5% in our films according to measurements, the magnitude of the shift in lattice constant and optical constants increases greatly and structure begins to break down due to plastic deformation [16] , [19] . This paper reports detailed experimental results of a fabricated sensor consisting of a nano-aperture etched into the functionalized facet of an optical fiber operating based on changes in the reflected power. Prior work has shown that the "C" aperture has extraordinary transmission because of the surface plasmon generation at the interface [20] and therefore such an aperture can be made in palladium to increase the sensitivity to hydrogen of the transmitted power [8] . As a result of hydrogen induced changes in the functional palladium layer, the reflection, transmission, and scattering from the aperture itself are altered. Combined with changes in the surrounding film, this results in a change in the measured reflected power due to interference. Our initial research [8] did not explore the sensitivity of the device in reflection because it was assumed that the small surface area of the aperture would be insignificant compared to the surrounding film. More recently, we showed that the presence of an aperture can improve device sensitivity in reflection mode [21] . Here, we expand on these two efforts to show that by controlling the overetching depth of the aperture into the fiber underneath, we can cause drastic changes in the sensitivity of the sensor in reflection mode due to interference effects because the overall reflectivity is low. Additionally, this paper investigates the repeatability, response time, and minimum detection limit of the sensor. Fig. 1(a) shows a schematic of the fiber sensor. A 200 nm thick Pd film was deposited on the tip and some of the sidewall of a cleaved fiber using e-beam evaporation. A C-shaped aperture was then etched into the Pd film by focused ion beam milling (FIB) and viewed with a scanning electron microscope (SEM) in an FEI Dual-Beam DB-235 FIB/SEM [8] . In addition to etching through the metal functional layer, the SiO 2 fiber tip was also etched to a controlled depth of 100-1100 nm. Due to charge build up from ion implantation, the sidewalls of the aperture slope inward as the etch depth increases. This effect can be seen in Fig. 1 (b), which shows a fabricated aperture. The fabricated aperture has dimensions of W a = 900 nm, W b = 100 nm, H t = 375 nm, and H b = 125 nm [8] , [20] . After fabrication, the fiber tips were packaged in a protective polymer and a metal jacket that extends a few millimeters beyond the tip as shown in Fig. 1 (a) and spliced back onto connectorized SMF-28e fiber for testing.
II. EXPERIMENTAL SETUP
A schematic of the experimental setup can be seen in Fig. 1 (c). The light source was a 1550 nm laser which was passed through an optical isolator and a polarization controller. A 99/1 splitter was used to monitor the input power, and an optical circulator was used to measure the power reflected by the sample. The photodetector voltages were measured using a data acquisition (DAQ) card on a computer running LabVIEW. The packaged fiber tip sensors were mounted in a machined polycarbonate flow chamber. The flow rates through the chamber were controlled in LabVIEW using the DAQ to set the nitrogen and hydrogen mass flow controllers (MFCs), respectively. The sensors were exposed to hydrogen concentrations ranging from 90 to 10000 ppm with a cycle of 30 minutes hydrogen in nitrogen mixture and 30 minutes pure nitrogen. The lower limit set point was determined by the mass flow controllers and the upper limit was chosen to remain below the alpha-beta phase transition.
III. RESULTS
Measured data for the C aperture can be seen in Fig. 2 in the form of a pulse train. Each sensor was initially exposed to hydrogen concentrations ranging from 0.25% to 1% in a series of hydrogen-nitrogen pulses. The sensor demonstrated a 20% decrease in reflected power at 0.25% hydrogen and up to a 27% decrease at 1% hydrogen. Upon exposure to nitrogen, the sensors recovered to the original baseline (e.g. to the top of the graph of Fig. 2 ) each time. The overall reflection from the palladium films was almost an order of magnitude lower than what would be expected based on the Fresnel coefficient for the SiO 2 -Pd interface. This is attributed to deposition conditions and a poor interface because Pd, like most noble metals, does not adhere well to oxides and may buckle in places as the film stabilizes. SEM imaging shows that the film remains intact and does not lift off or peel back after exposure to concentrations below the beta phase transition.
The response of the nano-aperture sensor was several times larger than that of a plain film sensor. The enhanced sensitivity can be explained by several phenomena. The C aperture is known to have resonant effects that produce extraordinary transmission, which greatly affects the reflection from the aperture itself [20] . The sub-wavelength C aperture also enables the excitation of surface plasmons that propagate along the fiberpalladium interface which can backscatter due to interface irregularities. Most importantly, however, there is a difference both in the dependence of the reflection coefficient with hydrogen and in the phase of the fields reflected in the aperture region, labeled as (1) in Fig. 3 , and the surrounding film, labeled as (2) . Because these fields add coherently, small changes in the aperture properties can affect the reflected intensity greatly. This is further amplified by the low overall reflection from the film. Such low reflectivities were first mentioned by Butler for poorly adhered Pd films, such as Pd-SiO 2 with hydrogen exposure greatly reducing the reflectivity due to micro-blistering of the film [22] . Because the reflection from the aperture is mostly determined by the aperture itself and not the interface, this results in a less disparate field amplitude ratio between the two regions than would normally be expected. In practice, the etched aperture extends beyond the Pd layer into the SiO 2 fiber tip underneath. Because the etched region has a different refractive index and propagation constant than the surrounding SiO 2 , we can control the sensitivity by using the etch depth, d, to set the initial phase difference between the two regions without hydrogen.
To investigate the effect of initial phase, several apertures were fabricated at a variety of etch depths. Apertures with an etch depth of 100 nm, 500 nm, and 1100 nm were tested. The lowest etch depth, 100 nm, was chosen because some overetching is required to form a well-shaped aperture. Specifically 100 nm was chosen because it is a small, but accurately measurable depth. A maximum etch depth of 1100 nm was chosen because etching is not completely vertical as the etch time into the dielectric increases and the aperture begins to erode. The sloped sidewalls in the SiO 2 and some etching of the top metal layer can be seen in Fig. 1(b) . These apertures were also exposed to the same 0.25% to 1% pulse train as the previous batch. The 4-pulse train sequence shown in Fig. 2 was repeated 6 times over the course of a few days for each aperture to quantify sensor repeatability. A summary of the results is shown in Fig. 4 . The magnitude of the average reflection change is plotted with error bars that indicate the standard deviations. The small error bars in Fig. 4 are indicative of good day-to-day stability. The 100 nm etch sensor is the same as shown in Fig. 2 and had a 27% decrease in reflected power at 1% hydrogen. Increasing the etch depth to 500 nm improved the response of the sensor significantly, with a decrease of 60% in the reflected power at 1% hydrogen as shown in Fig. 4 . However, upon further increasing the etch depth to 1100 nm, the response was reduced. The overall shape of the response also changed, and the noise in the measurement increased. It can also be seen that the 1100 nm etch sensor has almost no response at 0.25% hydrogen. This is due to the change in concavity of the response curve because of the different initial phase delay, i.e. without hydrogen. These results show that the etch depth has an important effect on sensitivity, and that there is an optimal etch depth for detecting low H 2 concentrations. This value depends on both the differential response of the aperture reflection and the effects of over-etching on the loss and mode shape. Because air has a lower index than the SiO 2 , guided portions of the mode will spread away from the over-etched area; therefore, too deep of an etch will prevent the mode from interacting with the aperture. Further, Ga+ implantation in SiO 2 from FIB milling has been shown to increase loss [23] . The etch rate of the SiO 2 decreases substantially as etch time increases; hence, Ga+ build up increases non-linearly. Scattering and loss from the portion of the fiber tip damaged by the FIB will also prevent interaction with the aperture, and will lower the overall reflected power. These factors contribute to the increase in noise and lower measured power for the 1100 nm etch. With small error bars and the return to baseline, the 100 nm and 500 nm etch sensors showed excellent repeatability and high sensitivity.
To further test the 500 nm over-etched sensor, a different mass flow controller and a pre-diluted 5% hydrogen in nitrogen gas source were used to achieve much smaller concentrations. Using this setup, flow rates ranging from 90 ppm to 660 ppm of hydrogen in nitrogen were attainable. The sensor was exposed to low concentrations using a 4-pulse train sequence repeated 6 times (analogous to Fig. 2 ) while maintaining the same total flow rate as before. Fig. 5(a) shows the response to a typical pulse train for the 500 nm over-etched sensor at low concentrations. A summary of both the low and high concentration results are shown together in Fig. 5(b) along with a plot of the response times in Fig. 5(c) . A decrease in reflection of 1.7% was measured for 90 ppm hydrogen, and a 10% decrease was measured for 700 ppm hydrogen. Note that Fig. 5(b) and (c) are log-log plots; thus, the error bars appear larger at low concentrations even though the absolute error is similar for all concentrations.
The response time of the sensor decreased from 19 to 4 minutes as the concentration increased. The decrease was very rapid at high concentrations. The recovery time also decreased from 20 minutes at 90 ppm to 10 minutes at 2500 ppm, after which point it began to rapidly increase, going back up to 14 minutes. The aperture's response is determined primarily by the surface concentration. During exposure, this reaches steady state more quickly because it is close to the source. During recovery, the surface concentration is held higher due to out-diffusion from the film interior, resulting in a longer recovery time. At high concentrations, physical deformations due to the onset of the beta phase regions are more pronounced and thus the sensor begins to take longer to recover.
IV. DISCUSSION
The functional behavior shown in the Fig. 5(b) log-log plot can be analyzed by considering the mechanics of the sensor. First, hydrogen is adsorbed at the Pd surface. This dissociated hydrogen then diffuses through the lattice forming PdH and changes the refractive index and aperture/film geometry due to film expansion [24] . Hence, the refractive index and geometry are functions of the surface adsorption. Additionally, the overall reflection itself is a function of the refractive index and geometry. Over a wide range of concentrations, these dynamics are non-linear and complex to model, especially at higher concentrations when buckling and blistering are occurring in the film. At very low concentrations however, assuming changes to the geometry and optical properties are small, 1st order linear approximations can be made. Therefore the changes in refractive index and geometry are assumed to be linear with PdH content and the change in field reflection linear with refractive index and geometry. At steady-state, the measured response is then proportional to the adsorbed hydrogen in the Pd film, H pd , which, because of the rough surface, can be modeled as a function of the ambient hydrogen concentration, H, by the Freundlich equation [25] , [26] :
where k and n are constants. At steady-state, for low concentrations, the sensor's response is
Here r is field reflection coefficient,ñ Pd is the complex refractive index of the Pd film, and g is a vector of parameters describing the aperture geometry. Defining a quantity S by:
and combining (1) and (2) yields
Assuming S is independent of H, we can integrate (4) with respect to hydrogen concentration and use the relationship R = |r| 2 and the fact that θ(0) = 0 to obtain
where R 0 is the reflected power at 0% hydrogen. Therefore, measurements made based on the fractional change in power can be fit by
where A, B, and n are real fitting constants. For the concentrations below 1000 ppm, the data in Fig. 5 (b) was fit to (6) . The fit results are shown in Fig. 6 . Using this fit, a value of n = 0.45 ± 0.1 was found. This is in agreement with Sievert's law for diatomic gases which predicts n = 0.5 and agrees with previously measured results for film expansion [24] . Note that the hydrogen concentration in the experiment is proportional to the partial pressure of the gas. Additionally, by using the 95% prediction interval of the fit, the minimum detection limit (MDL) of the sensor can be extrapolated using the method of Hubaux and Vos [27] . Through this method, the MDL is defined as the smallest concentration with a prediction interval that does not overlap the prediction interval for 0% based on the fit. This was found to be approximately 50 ppm of hydrogen as shown in the inset of Fig. 6 . A summary of device performance at each etch depth can be found in Table I . Sensitivity is given in units of (%/%) and the RMS noise is normalized to the baseline reflection. A plain Pd film sensor is also listed for comparison. For the C-shaped nano-aperture with the optimal etch depth of 500 nm, the MDL, response, and sensitivity were each more than one order of magnitude better than the corresponding values for the plain film.
V. CONCLUSION
A reflection based sensor comprised of a C-shaped nanoaperture etched into the Pd-coated facet of an optical fiber was analyzed. Several etch depths into the fiber were measured and it was determined that there is an optimal etch depth to maximize sensitivity. The etch depth dependence is attributed to interference in the reflection between the surrounding film and the aperture. This effect is noticeable despite the aperture size because of the overall low reflection from the film due to microblistering and poor film adhesion. One future research direction would be to investigate adhesion layer materials in order to maximize mechanical durability without sacrificing sensor performance. A two-layer Cr/Ni stack looks promising in initial tests.
For the pure Pd sensors presented in this paper, the 500 nm etch depth sensor had the best performance and showed a large repeatable response for hydrogen in nitrogen concentrations ranging from 90 ppm to 1%. A maximum power decrease of 60% at 1% hydrogen was recorded, while a 1.7% power decrease was seen at 90 ppm hydrogen. By constructing 95% prediction intervals for the response at low concentration, a minimum detection limit of 50 ppm is predicted.
